The multifactorial origin of gastric cancer encompasses environmental factors mainly associated with diet. Pteridium aquilinum-bracken fern-is the only higher plant known to cause cancer in animals. Its carcinogenic toxin, ptaquiloside, has been identified in milk of cows and groundwater. Humans can be directly exposed by consumption of the plant, contaminated water or milk, and spore inhalation. Epidemiological studies have shown an association between bracken exposure and gastric cancer. In the present work, the genotoxicity of P. aquilinum and ptaquiloside, including DNA damaging effects and DNA damage response, was characterized in human gastric epithelial cells and in a mouse model. In vitro, the highest doses of P. aquilinum extracts (40 mg/ml) and ptaquiloside (60 mg/ml) decreased cell viability and induced apoptosis. gH2AX and P53-binding protein 1 analysis indicated induction of DNA strand breaks in treated cells. P53 level also increased after exposure, associated with ATR-Chk1 signaling pathway activation. The involvement of ptaquiloside in the DNA damage activity of P. aquilinum was confirmed by deregulation of the expression of a panel of genes related to DNA damage signaling pathways and DNA repair, in response to purified ptaquiloside. Oral administration of P. aquilinum extracts to mice increased gastric cell proliferation and led to frameshift events in intron 2 of the P53 gene. Our data demonstrate the direct DNA damaging and mutagenic effects of P. aquilinum. These results are in agreement with the carcinogenic properties attributed to this fern and its ptaquiloside toxin and support their role in promoting gastric carcinogenesis.
Stomach cancer is one of the most common cancers worldwide, affecting 800,000 new individuals annually. Although its incidence and mortality rates have gradually decreased in the last decades, it remains an important public health problem worldwide, being the second leading cause of cancer deaths (Parkin et al., 2005) . Gastric cancer is thought to result from the interplay of risk factors, among which Helicobacter pylori infection plays a major role in combination with environmental factors present in the human diet.
Several naturally occurring toxins found in plants have been deemed responsible for animal and human diseases. Among them is the ubiquitous Pteridium aquilinum-bracken fern (BF), known to be the cause of acute or chronic toxic syndromes of livestock and the only plant recognized to naturally cause cancer in animals (Vetter, 2009; Yamada et al., 2007) . A nonsesquiterpene compound: ptaquiloside (PTA) has been demonstrated to be the major carcinogen of P. aquilinum (Niwa et al., 1983; van der Hoeven et al., 1983; Yamada et al., 2007) . PTA is transformed to pterosin B (PTB) in acidic solution. Under alkaline conditions, it can form an unstable dienone, which is immediately converted to PTB (Yamada et al., 2007) . The ability of PTA and its derivatives, such as dienone, to induce DNA damage and mutations has been reported previously (Freitas et al., 2001; Matoba et al., 1987) . PTA has been shown to be present in the milk of cows fed with BF (AlonsoAmelot, 1997). Humans can be exposed to P. aquilinum either directly by eating the plant as in some oriental cultures or indirectly by the consumption of contaminated milk or water or by spore inhalation (Alonso-Amelot and Avendano, 2002; Rasmussen et al., 2003; Shahin et al., 1999) . The International Agency for Research on Cancer (IARC) classified BF in Group 2B, as possibly carcinogenic to humans. This was based on sufficient evidence of the carcinogenicity of BF in experimental models, although limited to PTA (IARC, 1986) . Nevertheless, epidemiological studies reported a higher prevalence of gastric cancer in BF-infested areas of northern Wales (Galpin et al., 1990) and western Venezuela (Alonso-Amelot and Avendaño, 2001) . The association between BF exposure and gastric and esophageal cancers in the Japanese population has also been reported, in cases where people ingested BF (Haenszel et al., 1976) .
Exposure to genotoxic agents triggers activation of checkpoint responses, leading to cell cycle arrest or cell death. This DNA damage response, is orchestrated by two different pathways: the ataxia telangiectasia and Rad-3-related (ATR) that activates the checkpoint kinase 1 (Chk1) and the ataxia telangiectasia mutated (ATM) involving the checkpoint kinase 2 (Chk2). ATR-Chk1 and ATM-Chk2 pathways are mainly activated by DNA single-strand and double-strand breaks (DSB), respectively (Smith et al., 2010) . These kinases act locally by phosphorylation of multiple substrates at the sites of damage, including the variant histone H2AX and the P53-binding protein 1 (53BP1), which constitute direct indicators of DNA damage. Once activated, these pathways modulate multiple effector molecules, such as the P53 protein known to play an important role in cell-cycle progression, apoptosis, and gene transcription (Smith et al., 2010) . This cell response is an indicator of genetic instability, a common feature of cancer cells leading to accumulation of oncogenic mutations, as in the P53 gene (Meek, 2009) .
In the present study, we have characterized the DNA damaging ability of P. aquilinum and its toxin PTA, as well as the induced DNA damage response in gastric epithelial cells. Our data show the induction of DNA strand breaks by P. aquilinum and PTA and the activation of the ATR-Chk1 DNA damage signaling pathway. The effects of BF exposure were also investigated in a mouse model, showing the promotion of gastric epithelial cell proliferation and the presence of frameshift events in the intron 2 region of P53. These findings are in agreement with the carcinogenic properties attributed to P. aquilinum and its toxin PTA, whose genotoxic activity would play an important role in the promotion of gastric cancer lesions in exposed populations.
MATERIALS AND METHODS
Water extraction of P. aquilinum and purification of ptaquiloside toxin. Aqueous P. aquilinum extracts were obtained from crosiers of BF from Praestø bracken strand in Denmark. BF were dried, milled, and extracted in deionized water for 60 min with vigorous shaking. Then, the aqueous extracts were centrifuged, and the supernatant filtered and cleaned with polyamide 6 resin (Fluka). Extracts were then concentrated by SpeedVac evaporation and their concentration determined according to the weight of dried BF and the final volume.
In order to measure PTA and PTB contents and to analyze their stability, aqueous P. aquilinum extracts were passed through 0.50 g polyamide resin (dry packed), 10 cm long, 1-cm diameter glass Econo-Column (Bio-Rad) fitted with an 18-lm polymer filter. The amounts of PTA were determined by conversion to PTB using high-performance liquid chromatography (HPLC), according to Agnew and Lauren, (1991) . Pure PTA was obtained as previously described (Rasmussen et al., 2005) .
Cell line culture. Human gastric carcinoma cell lines, AGS (American Type Culture Collection), and MKN45 (Japanese Cancer Research Bank) were cultured in RPMI 1640 medium with 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and Glutamax-1 (Invitrogen), supplemented with 10% inactivated fetal bovine serum (Invitrogen) and 50 lg/ml gentamycin (Invitrogen), at 37°C in a humidified atmosphere of 5% CO 2 . Cells were treated with P. aquilinum extracts (0, 5, 10, 20 , and 40 mg BF/ml) or purified PTA (0, 10, 40, and 60 lg PTA/ml) at different time points. Cells treated with 1mM H 2 O 2 (Merck) were used as positive controls.
Cell viability and apoptosis assays. Cell viability was determined by the MTS assay accordingly to manufacturer's instructions (Promega). Apoptosis was measured with the Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Detection kit (Calbiochem) by flow cytometry using a BD LSRFortessa cell analyzer (BD Biosciences). Cells treated with 1mM H 2 O 2 were used in Annexin V-FITC assay as positive control, and late apoptotic and necrotic cells were observed.
Immunofluorescence of histone H2AX phosphorylated at Ser139 (cH2AX) and 53BP1. Cells treated with 40 mg BF/ml and 40 lg PTA/ml were cultured and fixed with 4% paraformaldehyde. Primary antibodies were cH2AX (1:500), clone JBW301 (Millipore,-Upstate), or anti-53BP1 (1:200) (Novus Biologicals). After incubation with FITC-conjugated rabbit anti-mouse immunoglobulin (1:70) (Dako) or Alexa Fluor 488 goat anti-rabbit immunoglobulin (1:500) (Invitrogen), respectively, cells were stained with 4#, 6-diamidino-2-phenylindole 100 lg/ll (Sigma) and mounted in VECTA-SHIELD (Vector Laboratories).
Western blotting. Cells treated with P. aquilinum extracts (0, 20, and 40 mg BF/ml) and purified PTA (0, 10, 40, and 60 lg PTA/ml) during 24 h were collected. Proteins were extracted with lysis buffer RIPA (Tris-Cl 50mM pH7.4, NaCl 150mM, EDTA 2mM, NP40 1%, and 0.1% SDS) containing 1mM phenylmethylsulfonyl fluoride, 1mM Na 3 VO 4 , and complete 253 (Roche, Germany). Total protein amounts were determined using the BCA protein assay kit (Pierce). Fifty micrograms of protein extracts were analyzed using the following antibodies: cH2AX, clone JBW301 (Millipore, Upstate), Chk1 #2345, Phospho-Chk1 (Ser317) #2344, Chk2 #2662, Phospho-Chk2 (Thr68) #2661 (Cell Signaling), P53 (DO-1): sc-126, Actin (I-19)-R: sc-1616-R, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (FL-335): sc-25778 (Santa Cruz Biotechnology, Inc). Primary antibody binding was visualized using horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Inc) and enhanced chemiluminescence detection (GE Healthcare).
Analysis of P53 gene expression by quantitative real-time PCR. Total RNA was extracted from cells using the Tri-Reagent (Sigma) protocol. Five micrograms of total RNA were reverse transcribed using the Superscript IIReverse Transcriptase (Invitrogen) followed by real-time PCR using TaqMan gene expression assays for P53 and 18S ribosomal RNA as an endogenous control (Applied Biosystems) and an ABI Prism 7500 Fast Real-Time PCR System (Applied Biosystems). Experiments were performed in duplicate.
Multiple genes profiling microarray. Using a human DNA damage signaling pathway RT(2) profiler PCR array (PAHS029; SA Biosciences, Qiagen), the expression of 84 genes involved in DNA damage signaling pathways, associated with the ATR/ATM signaling network and transcriptional targets of DNA damage response, was analyzed in cells treated with purified PTA (60 lg PTA/ml) during 24 h and compared with untreated cells.
RNA was extracted as mentioned above, and complementary DNA synthesized with the RT(2) First Strand Kit (Qiagen). We used RT(2) Realtime SYBR Green ROX qPCR Master Mix to perform real-time PCR with a StepOnePlus Real-Time PCR system (Applied Biosystems). The mean expression of the following housekeeping genes was used for normalization of data: beta-2 microglobulin, hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a, GAPDH, and beta-actin. This assay was done in duplicate for each condition. Levels of gene expression were calculated using PCR Array Data Analysis Template v3.3 software (Qiagen). The differentially expressed genes in the presence of PTA compared with untreated cells were selected according to a fold change 0.5 or 1.5 with Student's t-test p values 0.05. Complete results are reported in the Supplementary table 1.
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In vivo assays. Ethics Statement. Experiments in mice were carried out in strict accordance with the Specific Guide for the Care and the Use of Laboratory Animals of the Institut Pasteur, according to the European Directive (2010/63/UE) and the corresponding French law on animal experimentation. The protocol used in the present study was also approved by the Committee of Central Animal Facility Board of the Institut Pasteur.
Six-week-old specific pathogen-free C57BL/6 male mice (Charles River Laboratories) were distributed in four groups of eight animals. Three groups were treated with P. aquilinum extracts for 2 weeks by daily oral gavage with 25 mg BF/100 ll (group 2) and 100 mg of BF/100 ll (group 3) or with 250 mg BF/ml of extract in the drinking water until the end of treatment (group 4). The untreated group (group 1) received water. In each group, four mice were sacrificed after 4 weeks, just at the end of the treatment and four mice after 7 weeks (Fig. 4A ). Their stomach was isolated and divided into equivalent fragments containing antrum and corpus for histological analysis and isolation of DNA, as previously described (Touati et al., 2003) .
Immunohistochemistry for a marker of proliferative index KI-67 (1:25), clone TEC-3 (Dako), was performed on gastric tissue section embedded in lowmelting point paraffin. Negative controls were performed by replacing the primary antibody with PBS.
Determination of P53 gene mutations in the gastric mucosa of mice. Genomic DNA was isolated from stomach tissue as previously described (Touati et al., 2003) . To determine the frequency of mutations in the P53 region, an equal proportion of DNA was pooled for mice from group 1 (control) and for mice from group 3 (orally treated with 100 mg of BF/100 ll) sacrificed after 7 weeks. PCR amplification of the P53 region between exons 2 and 4 was performed using primers mp53L: 5#GCTTCTCCGAAGACTG-GATG3# and mp53R: 5#GCCATAGTTGCCCTGGTAAG3#. PCR fragments were isolated using QIAquick Gel Extraction kit and cloned using the PCR Cloning kit protocol into the pDrive vector (Qiagen), then screened by transformation in Escherichia coli. For each condition, recombinant vectors were isolated and the P53 fragment inserted was sequenced (GATC Biotech). Sequencing data were analyzed using the DNAstar software.
RESULTS

Toxic Effects of P. Aquilinum Extracts and Its Ptaquiloside Toxin in Gastric Cell Lines
The effects of increasing doses of the aqueous BF extract and its toxin PTA were assessed during a 48-h exposure in gastric epithelial cells lines AGS and MKN45. As observed in Figure 1A , the number of viable AGS cells in proliferation decreased with increasing concentrations of BF (up to 10 mg/ ml), compared with nontreated cells after 24 h of treatment. At the highest concentrations, BF 20 and 40 mg/ml, cell proliferation was completely inhibited. The amounts of PTA used were selected according to our previous determination of the corresponding dose of PTA in a defined quantity of BF extracts by HPLC analysis indicating a PTA content of 1177 lg/g of BF (data not shown). Cells were then treated with PTA 10, 40, and 60 lg/ml corresponding to 8.5, 34, and 51 mg/ml of BF extracts, respectively. Even at the lowest dose of PTA (10 lg/ml), a decrease of cell viability was observed (Fig. 1B) . As reported in Figure 1C , treated cells also led to exposure of phosphatidylserine at their surface and membrane permeabilization as detected with Annexin V-FITC. In the presence of increasing doses of BF extracts, the number of late apoptotic and necrotic cells increased, associated with a decrease of cells viability. This apoptotic effect of BF did not appear to be exclusively due to PTA activity since only the exposure to PTA 60 lg/ml for 24 and 48 h, led to a slight increase in the number of late apoptotic and necrotic cells (Figs. 1C-E) . Sensitivity of gastric cells to BF extracts varied across cell lines, with MKN45 cells appearing less sensitive to the toxic effects of BF extracts and PTA toxin than AGS cells (Supplementary fig. S1 ).
DNA Damaging Effect of P. Aquilinum Extracts and PTA Toxin in Gastric Epithelial Cells
The DNA damaging effect in AGS cells exposed to increasing doses of BF extracts and PTA was first investigated by the analysis of the presence of DNA strand breaks. By immunofluorescence, using an antibody against cH2AX, we observed the induction of nuclear foci indicating the presence of DNA strand breaks in cells treated with BF 40 mg/ml and PTA 40 lg/ml for 24 h. No cH2AX staining was detectable in nontreated cells ( Fig. 2A) . A dose-dependent increased level of cH2AX protein was confirmed by Western blot after 24 h exposure of cells to BF extracts (Fig. 2B ) and PTA toxin (Fig. 2C) . One should note that according to our previous determination of the PTA quantity contained in BF, 40 lg/ml of PTA is equivalent to 34 mg/ml of BF. The comparison of cH2AX levels by immunostaining and Western blot indicated that BF at 40 mg/ml (Fig. 2B ) is more efficient for inducing DNA damage than the corresponding purified PTA amount (Fig. 2C) . 53BP1 is known to be recruited to DNA damage sites. As reported in Figure 2D , the 53BP1 immunofluorescence staining confirmed the induction of nuclear foci in cells either treated with BF 40 mg/ml or PTA 40 lg/ml for 24 h, compared with nontreated cells. These results are in agreement with the ability of BF to induce DNA strand breaks. They also indicate that PTA participates in the BF DNA damage activity.
DNA Damaging Response of P. Aquilinum Extracts and PTA Toxin in Gastric Epithelial Cells
The tumor suppressor protein P53 is a key component of the DNA damage response (Meek, 2009 ). The consequences of BF extracts and PTA treatment on the P53 gene expression were investigated by real-time PCR. The P53 transcript levels were increased after 2 and 6 h of incubation with 20 and 40 mg/ml BF, as well as with 10, 40, and 60 lg/ml PTA (Fig. 3A) . After 24 h of treatment with BF extracts, P53 messenger RNA levels decreased in a dose-dependent manner compared with nontreated cells, with a threefold decrease at the highest dose of 40 mg/ml. In PTA-treated cells, the same inhibitory effect on P53 gene expression was measured for all doses (Fig. 3A) . However, high levels of P53 protein are maintained even after 24 h exposure to increasing doses of BF or PTA as observed by Western blot analysis (Fig. 3B) .
The two signaling pathways activated by DNA damage involve ATM-Chk2 and ATR-Chk1 protein kinase leading to P53 activation (Smith et al., 2010) . In order to further 62 GOMES ET AL.
FIG. 1.
Cell viability and cell death in AGS cell line upon treatment with Pteridium aquilinum extract and purified ptaquiloside toxin. AGS cell viability as a function of increasing dose is presented for (A) P. aquilinum extracts-BF or (B) purified ptaquiloside toxin-PTA was performed by MTS assay as described in ''Materials and Methods'' section. It shows a decrease in the number of viable cells in proliferation. (C) Apoptosis is detected by flow cytometry using propidium iodide (PI) and Annexin V-FITC fluorochromes, and analysis was performed as shown in the flow cytograms. After 24 and 48 h of treatment with increasing doses of P. aquilinum extract, there was a decrease in the number of viable cells, in the lower-left part of the flow cytogram, which did not stain with both PI and FITC conjugated with Annexin V (Annexin V-FITC). An increase in the number of late apoptotic and necrotic cells were observed in the upper-right part of the flow GASTRIC GENOTOXICITY OF PTERIDIUM AQUILINUM 63 characterize the DNA damage response to BF and its PTA toxin, their effects on the serine-threonine checkpoint effector kinases Chk1 and Chk2 were investigated. Exposure of gastric epithelial cells to 20 and 40 mg/ml of BF leads to a dosedependent Chk1 phosphorylation at Ser 317, also observed at high dose of PTA 60 lg/ml, with no effect on the levels of the unphosphorylated form of the protein. No effects were observed for Chk2 levels and its phosphorylated form at Thr68 (Fig. 3C) under the same conditions. As observed for BF DNA damage activity inducing cH2AX, BF (40 mg/ml) was more efficient in promoting Chk1 phosphorylation compared with the corresponding dose of PTA (40 lg/ml). Thus, BF and its PTA toxin induce a DNA damage response, which triggers the ATR-Chk1 signaling pathway, with a higher efficiency in BF-treated cells than PTA-treated cells.
In order to get further insights into the DNA damage response of gastric epithelial cells to PTA, the expression of a panel of genes involved in human DNA damage signaling pathways associated with the ATR/ATM signaling network and transcriptional targets of DNA damage response was investigated by quantitative real-time PCR on gastric cells (AGS) treated with purified PTA (60 lg/ml) for 24 h. This analysis showed deregulation of gene expression related to cell cycle arrest and DNA repair functions in PTA-treated cells as listed in Table 1 and in Supplementary table 1. A significantly increased expression of 1.90-fold was observed for the Growth Arrest and DNA damage-inducible alpha gene (GADD45A). This gene plays an important role in the response of the G2-M cell cycle checkpoint to DNA damage (Kastan et al., 1992) . It acts in concert with the DNA damage inducible transcript 3 (DDIT3), which showed a twofold decreased gene expression in PTAtreated cells. GADD45 interacts directly with the proliferating cell nuclear antigen protein (Smith et al., 1994) , whose gene expression showed a slight 1.50-fold increase in PTA-treated cells (Supplementary table 1) . Like GADD45, Sestrin 1 (SESN1) gene expression, another P53 target, member of the GADD family (Velasco-Miguel et al., 1999) , was 1.63-fold increased with PTA. In addition, exposure to PTA also modulated the expression of DNA repair genes as it increased 1.70-fold Xeroderma pigmentosum, complementation group C (XPC) gene expression, and downregulated from 2.2-to 4.5-fold the expression of RAD50 and Nibrin (NBN) that are mainly involved in DNA DSB repair (Cerosaletti and Concannon, 2004) .
Effects of P. Aquilinum Extracts in the Mice Gastric Mucosa
As previously reported, BF can induce leukemia and solid tumors in the stomach of mice (Yamada et al., 2007) . The in vivo effects of BF extracts were also investigated in the gastric mucosa of mice orogastrically treated with aqueous BF extracts: 25 mg BF/100 ll (group 2), 100 mg of BF/100 ll (group 3), or that received drinking water supplemented with 250 mg BF/ml (group 4) (Fig. 4A) . The amount of PTA and the converted compound PTB in BF extracts was quantified by HPLC for all groups of mice. For each treated group, PTA and PTB increased with the dose of BF, and the quantity of PTA was about 10-fold higher than PTB in BF extracts given to mice from groups 2 and 3 and 22-fold higher in BF-supplemented drinking water in the case of group 4 (Supplementary table 2) .
Macroscopically, the gastric mucosa showed a regular appearance in nontreated and all BF treatment groups, with no significant histological differences in gastric mucosa observed among treatment groups (data not shown). All gastric samples were also analyzed by immunohistochemistry for KI-67 antigen, an indicator of cell proliferation. Mice sacrificed at 4 or 7 weeks from the three groups of BF extract-treated mice (Fig. 4A ) displayed gastric mucosa that showed a higher KI-67 staining compared with nontreated mice (Fig. 4B) . This indicates active cell proliferation in the proximal and distal parts. Thus, in vivo the exposure to BF and its PTA toxin stimulates gastric epithelial cell proliferation.
P53 Gene Mutation Spectra in Gastric Mucosa of P. Aquilinum Treated and Untreated Mice
In order to determine if exposure to BF can elicit mutational events in gastric epithelial cells, we investigated the presence of mutations in the region between exons 2-4 of the P53 gene in mice from group 3, compared with untreated mice (group 1) at the later time point of 7 weeks, as described in ''Materials and Methods'' section. Among the 51 and 69 clones isolated and sequenced from control and BF-treated groups, we found 24 and 41 clones with mutations, respectively. In the control conditions, these mutational events were base substitutions: 95% transitions and 5% transversions (Fig. 5A) . In BF-treated mice, 75% of the mutational events were base substitutions including 70% transitions and 5% of transversions (Fig. 5A) . The striking difference observed between spontaneous and treated spectra was the appearance of 25% of frameshift events occurring exclusively in the intron 2 region in BF-treated mice (Fig. 5B) . In this part of the P53 gene, the frequency of mutational events is fourfold higher in the BF-treated mice (24/ 69 clones) than in untreated mice (4/51 clones). As illustrated in the Figure 5B , the mutation spectrum observed from the BFtreated clones included 54% base substitution events (13 clones) mainly AT/GC transitions and 46% frameshifts (11 clones) mainly deletions. All frameshifts were induced in a run (Fig. 5B ).
DISCUSSION
The BF P. aquilinum is among the most common plants on the planet. However, it is of public health concern for humans who can be directly exposed. P. aquilinum and its PTA toxin have been demonstrated to cause upper digestive tract carcinomas and urinary bladder tumors in cattle. In rodents, exposure to BF leads to leukemia and gastric solid tumors in mice and ileum, urinary bladder, or mammary cancer in rats. Sources of exposure in humans are by either spore inhalation or drinking of contaminated water and milk from cows fed with BF. Epidemiological studies report a higher risk of gastric and/or esophageal cancer in BF-exposed human populations (Yamada et al., 2007) . 
FIG. 3.
Activation of the DNA damage pathway in gastric epithelial cells exposed to Pteridium aquilinum extract (BF) and to ptaquiloside (PTA) toxin. (A) P53 gene expression levels measured after 2, 6, and 24 h exposure of AGS cells with 20 and 40 mg BF/ml and 40 and 60 lg PTA/ml by real-time PCR and (B) and P53 protein levels in cells treated during 24 h with P. aquilinum extracts, 0, 20, and 40 mg BF/ml (BF0, BF20, and BF40), and PTA toxin, 0, 10, 40, and 60 lg PTA/ml (PTA0, PTA10, PTA40, and PTA60). (C) Analysis of DNA damage pathway by Western blot for CHK1, phospho-CHK1 (Ser317), CHK2, and phospho-CHK2 (Thr68) levels in gastric cells AGS treated with P. aquilinum extracts and PTA toxin as in (B).
GOMES ET AL.
In the present study, in order to get insights in the genotoxic activity of BF and PTA, we compared their cellular and DNA damaging effects in gastric cells in vitro and in a mouse model. We demonstrate that BF extracts induced genetic instabilities and a DNA damage response in cells. It is associated with a decrease of cell viability and induction of late apoptotic and necrotic cells. In agreement with our results, a previous study reported the induction of apoptosis and cytotoxicity by BF extracts in human epithelial cells with subsequent DNA damage (Pereira et al., 2009) . PTA toxin is one of the most bioactive compounds of BF with carcinogenic properties (Hirono et al., 1984) . Treatment of gastric epithelial cells with PTA decreases viable cells in proliferation and increases apoptotic and necrotic cells. It indicates that PTA participates in the cytotoxicity and cell death effects of BF in gastric cells. Previous studies have shown that BF extracts induce chromosomal aberrations in mammalian cells (Almeida Santos et al., 2006; Matsuoka et al., 1989) , as well as in peripheral blood cells of cow and human BF consumers (Lioi et al., 2004; Recouso et al., 2003) . These lesions were mostly breaks, and gaps suggesting the induction of DNA strand breaks (Almeida Santos et al., 2006) . The production of cH2AX (Bonner et al., 2008) and the nuclear recruitment of 53BP1 (Abraham, 2002) are early steps in the cellular response to DNA strand breaks. Our results clearly show that the induction of DNA damage and DNA strand breaks by BF are due in part to the presence of PTA, as indicated by higher levels of cH2AX and the activation of 53BP1 in BFtreated gastric cells. In agreement, a previous study reported that BF spores cause DNA strand breaks in human premyeloid leukemia cells in vitro (Siman et al., 2000) . These DNA strand breaks can also result from the repair of bulky DNA adducts due to PTA or other DNA damaging BF constituents (Yamada et al., 2007) . According to the chemical structure of PTA, formation of bulky DNA adducts by this molecule cannot be excluded. Direct PTA-DNA interaction can also lead to spontaneous deamination and strand breakage (Kushida et al., 1994) . It indicates that the DNA damaging effect of BF and PTA can lead to DNA lesions with various structures. PTA is an unstable compound that can be converted under alkaline conditions to bracken dienone, a DNA damage compound. The conversion of PTA in bracken dienone may differ in BF extracts compared with the purified molecule, resulting in differences in DNA damage activity in PTA-treated cells compared with BF, as we observed. However, it cannot be excluded that PTA and its derivatives are not the only DNA damaging compounds present in BF extracts (Yamada et al., 2007) . In agreement, DNA adducts detected in the upper gastrointestinal tissues of mice orally treated either with BF extracts or bracken spores were different from the DNA adducts induced by bracken dienone (Povey et al., 1996) .
P53 is a central downstream checkpoint signaling protein activated during cellular response to genotoxic stress, also involved in apoptosis (Meek, 2009) . P53 gene expression is increased during the first 6 h of cells' exposure to BF extracts and PTA toxin, confirming the induction of a DNA damage response. It can be due to PTA activity because higher P53 transcript levels are observed in PTA-treated cells. At 24 h, P53 transcript levels decrease in BF-and PTA-treated cells, although the protein amounts remain high, suggesting that DNA lesions are mainly produced during the first hours of exposure. The induction of P53 is controlled by the activation of the signal transduction pathways, ATM-Chk2, and ATRChk1, which are crucial for cell checkpoints and DNA repair processes (Smith et al., 2010) . The increase of the phosphorylated form of Chk1 leads us to propose that the ATR-Chk1 pathway is predominantly activated in response to BF extract or PTA exposure. These data are in agreement with their ability to induce DNA strand breaks. The ATR-Chk1 pathway is specifically activated by single-strand DNA generated from nucleolytic strand resection that should occur during repair of bulky adducts. The DNA damage signaling response observed in PTA-treated cells is a signature of its genotoxic activity. As showed by microarray analysis, exposure of cells to purified PTA induces the expression of the P53-regulated genes as GADD45 (Kastan et al., 1992) and SESN1 (Velasco-Miguel et al., 1999) . GADD45 is a link between the P53-dependent cell cycle and DNA repair (Smith et al., 1994) . It induces the DNA excision repair pathway in agreement with the higher XPC gene expression observed in PTA-treated cells. GADD45 interacts with DDIT3, also found deregulated in response to PTA, to induce growth arrest. Exposure to PTA also leads to deregulation of gene expression related to DNA DSB repair, involving NBN, RAD50, and RAD51L1. NBN and RAD50 form a complex with Mre11 (MRN) complex targeted by ATM in response to DNA DSB repair (Cerosaletti and Concannon, 2004) .
In laboratory rodents, PTA has been reported as the major carcinogen present in BF (Yamada et al., 2007) . In order to investigate in vivo the gastric genotoxicity of P. aquilinum, we orally treated C57BL/6 mice with BF extracts. The quantification of PTA and PTB in plasma samples revealed PTB only in mice that received drinking water supplemented with BF extracts (data not shown). This PTB may be due to the natural degradation of PTA in water. At pH 7.5 in an aqueous solution, PTA is degraded, generating dienone, the ultimate carcinogen. Dienone is very unstable, and it reacts with nucleophilic molecules to generate PTB (Yamada et al., 2007) . Dienone is able to form DNA adducts as N3-alkyladenine and N7-alkylguanine and to generate DNA strand breaks (Kushida et al., 1994) . Genetic instability occurs at early steps during carcinogenesis, leading to oncogenic mutations. Dienone is also mutagenic. DNA adducts and H-ras mutations were observed in the mammary glands of rats that received intravenous doses of bracken dienone (Shahin et al., 1998) . BF-DNA adducts were also revealed in upper gastrointestinal tissues of mice orogastrically treated with BF extract and spores. However, these DNA adducts were different from those derived from bracken dienone (Freitas et al., 2001; Povey et al., 1996) . In agreement with our in vitro data, we observed an increase of cell proliferation in the gastric mucosa of BFtreated mice, compatible with the presence of genetic instabilities and the activation of DNA damage checkpoint response.
Mutation in the P53 tumor suppressor gene is the most common alteration found in human tumors (Petitjean et al., 2007) . The analysis of mutations in the region between exons 2-4 of the P53 gene in mice orally treated and sacrificed after 7 weeks reveals the presence of BF-induced frameshift events in the intron 2 region. It is mainly deletions and additions of FIG. 5 . Comparison of the P53 mutation spectra observed in the gastric mucosa of Pteridium aquilinum treated and untreated mice. Mutation spectra in exons 2-4 of P53 gene were obtained as described in ''Materials and Methods'' section, from the genomic DNA isolated from stomach of untreated mice (group 1) and P. aquilinum treated (group 3) mice sacrificed after 7 weeks. (A) Global distribution of mutational events observed in the P53 region from exons 2-4. Data are expressed as a percentage of mutational events among all the mutants analyzed. (B) Comparison of the mutation spectra obtained in BF-treated (above sequence) and untreated mice (below sequence) in the intron 2 nucleotide sequence. D represents deletion events of x base pairs as indicated. Letters in bold correspond to nucleotide sequence of exons 2 and 3 regions.
GASTRIC GENOTOXICITY OF PTERIDIUM AQUILINUM one G:C base pair occurring in a run of G. These events represent frameshift hotspots for BF-associated mutagenicity in mice. In agreement, a previous study reported a significant mutagenic response to PTA in the Ames test with the Salmonella typhimurium T98 strains allowing detection of single frameshifts (Nagao et al., 1989) . These alterations in intron 2 can modulate the splicing process and then affect the P53 expression. However, it is to be noticed that the cluster of G and C residues where frameshifts occurred is not present in the human intron 2 sequence, indicating that this mutagenic effect may not be relevant in humans. Controversial data come also from previous work on P53 mutations induced by P. aquilinum which did not detect any mutation in exons 5-7 in either tumor or preneoplastic mammary gland tissue induced in rats (Shahin et al., 1998) or in exons 5-9 in the malignant ileum and bladder tumors (Freitas et al., 2002) .
In conclusion, this study presents direct evidence for the genotoxic activity and activation of a DNA damage response in gastric cells associated with P. aquilinum exposure, due in part to the DNA damage activity of the PTA toxin. Our data also support an important role of the DNA damaging activity of these compounds in the gastric carcinogenesis process in P. aquilinum-exposed populations. As gastric cancer is of multifactorial origin, these results also pave the way to the analysis of synergistic effects of P. aquilinum with other highrisk factors for gastric cancer development in exposed populations.
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